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Parametric studyThis paper is a continuation of the paper titled “Fatigue assessment of a composite railway bridge for high speed
trains-Part I: modeling and fatigue critical details”with the emphasis on conditions forwhich a dynamic analysis
is needed for a fatigue assessment of the bridge. In part I, a fatigue assessment of the Sesia viaduct is performed by
using both a static analysis and a dynamic analysis with a moving load model; fatigue damage levels of several
concerned details are calculated and the fatigue critical details are identified. It is found that dynamic effects in-
duced by the high speed trains reveal a big influence on the fatigue damage of the bridge. In this paper, conditions
under which a dynamic analysis should be considered for the fatigue assessment of a bridge are investigated.
Three different alternatives are considered: a static analysis taken into account a dynamic amplification factor,
a dynamic analysis with a moving load model, or a dynamic analysis with multi-body models for the train
vehicles include the train–bridge interaction effect. The effect of several parameters related to the train
and the bridge is studied. The train speed and the mass ratio between the train and the bridge are identified as
significant factors that determine the dynamic effect on the fatigue damage of the bridge.
© 2012 Elsevier Ltd. All rights reserved.1. IntroductionThe traditional fatigue design of steel and composite bridges is
based on a static analysis, considering the dynamic effects by a
dynamic amplification factor (DAF), which represents the increase
in the dynamic response with respect to the static one for a single
moving load [1]. This method has been widely used due to the advan-
tage of being straightforward and simple to implement. The DAF,
however, does not account for the increasing axle loads and possible
resonance effect due to higher train speeds, which could lead to large
dynamic vibrations and amplify the fatigue damage. In this case,
bridge design codes may underestimate the dynamic impact factors
and a complete dynamic analysis is needed for the fatigue assess-
ment. Recently, research interest was given to the fatigue assessment
of the bridge through dynamic analysis. Chiewanichakorn et al. [2]
evaluated the effects of the rehabilitation process on the remaining
fatigue life of a truss bridge through dynamic analysis with a moving
AASHTO fatigue truck over the bridge. Kaliyaperumal et al. [3]
performed dynamic analysis for a steel railway bridge under different
train speeds and the strain histories are compared with available field
measurements. Chen et al. [4] studied the fatigue behavior of a
long-span suspension bridge under multiple loading by integrating
dynamic analysis of the bridge with a structural health monitoring
system. The fatigue-critical locations are then determined for keyring, KU Leuven, Kasteelpark
16 77; fax: +32 16 32 19 88.
l rights reserved.bridge components, and databases of the dynamic stress responses
at the critical locations are established. However, in these researches,
the difference between the static analysis considering DAFs and direct
dynamic analysis is not studied. Furthermore, for the dynamic analysis of
the bridge, two alternatives are available, i.e., amoving loadmodel where
the train is represented as a series of moving axle loads or a train bridge
interaction model where the vehicle dynamics is considered as well
[5–8]. If a dynamic analysis is required for the fatigue assessment of the
bridge, the required model is still unclear.
The main purpose of this paper is to investigate in which case a
static analysis considering a DAF is sufficient, or in which case a
1moving load model suffices for the prediction of the bridge response
and under which conditions it is necessary to account for the dynamic
interaction between the train and the bridge. Section 2 presents the
numerical model adopted for the analysis. Three methodologies
are considered to represent the action of the vehicle on the bridge:
(1) a static load model, (2) a moving load model, and (3) a model
that takes into account dynamic train–bridge interaction. In
Section 3, a parametric study is performed to identify key parameters
that determine the dynamic effect on the fatigue damage of the bridge.
Finally, the conclusions are given in Section 4.
2. Dynamic response of the bridge during a train passage
2.1. Static analysis
Static analysis determines the response of the structure caused by
loads that do not induce significant inertia and damping effects. Steady
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structure's response are assumed to vary slowly with respect to time.
The equilibrium equation for the bridge is defined by a linear system
of equations as:
KbVb ¼ Pb ð1Þ
The force vector Pb can be written as follows:
Pb ¼
Xn
i¼1
yiFGi ð2Þ
where the vector yi is the NDOF×1 vector that transfers a unit load to
nodal loads according to the position of the ith axle of the train. The
load amplitude FGi is equal to the weight of the ith axle of the train.
To take account of dynamic effects resulting frommoving trains, the
stress history obtained fromstatic analysis should bemultiplied by a dy-
namic amplification factor DAF (1+φ) defined in the current design
codes. The DAFs recommended by different codes are listed below:
1. AREA (AmericanRailway EngineeringAssociation)Manual for Railway
Engineering [9]
1þ φ ¼ 1þ 0:3
D
þ 0:4− L
2
500
for L < 24:4m ð3Þ
1þ φ ¼ 1þ 0:3
D
þ 0:16þ 1:83
L−9:14 for L≥24:4m ð4Þ
where L and D are the span length and width of the bridge [m],
respectively.
2. BS5400 [10]
1þ φ ¼ 0:73þ 2:16ffiffi
L
p
−0:2
ð5Þ
3. Eurocode [1]
1þ φ ¼ 1þ 1=2 φ′ þ 1=2φ″
 
ð6Þ
with
φ′ ¼ K
1−K þ K4 Kb0:76 ð7Þ
where
K ¼ v
47:16L0:408Φ
ð8Þ
and
φ″ ¼ 0:56e−
LΦ
10ð Þ2 ð9Þ
where v is the maximum permitted vehicle speed [m/s], LΦ is the
determinant length [m].
From Eqs. (3)–(9), it can be observed that the DAF given by AREA
and BS5400 are mainly a function of the span of the bridge, while in
Eurocode, DAF is related to both the span of the bridge and the train
speed. In this paper, the DAF specified in different design codes will
be applied to a real railway bridge and the results will be discussed.
The applicability of dynamic amplification factor is subject to some
restrictions. One of them is that the train speed should be lower than
200 km/h. For a train speed larger than 200 km/h, a dynamic analysis
is required. In this study, the application is extrapolated to larger speeds
in order to compare with a dynamic analysis.2.2. Dynamic analysis
A dynamic analysis takes the bridge inertia into account. The
equation of motion of the bridge can be written as follows:
Mb €Vb þ Cb _Vb þ KbVb ¼ Pb ð10Þ
whereMb, Cb, and Kb are the mass matrix, damping matrix, and stiffness
matrix of the bridge, respectively; Vb, _Vb, and €V b represent the displace-
ment, the velocity, and the acceleration vectors of the bridge, respectively.
Pb is the vector with the external forces transferred to the bridge and it is
dependent on which type of vehicle model is used. In the following, the
moving loadmodel and the train–bridge interactionmodel are presented.
When the FEmodel of the bridge has a large number of DOFs, modal
superposition method can be applied to obtain a reduced-order model
of the bridge to reduce the computational cost of the train–bridge inter-
action analysis.When only the first N0 modes of bridge are contributing
to the bridge response, the displacements Vb are written as follows:
Vb ¼ Φq ð11Þ
where q is the vector that collects theN0×1modal coordinates. Thema-
trix Φ collects the mass-normalized eigenvectors such that [11]:
ΦTMbΦ ¼ I and ΦTKbΦ ¼ Ω2 ð12Þ
where I is a N0×N0 unit matrix andΩ2 is a diagonal matrix that collects
the squared circular frequencies.
Introducing Eq. (11) in Eq. (10), premultiplying withΦT and taking
into account Eq. (12) allows to write the following equation for the
reduced-order model of the bridge:
€q þ D˙q þΩ2q ¼ ΦTPb ð13Þ
where the reduced proportional damping matrix D is written as:
D ¼
2ξ1ω1 0 … … 0
0 2ξ2ω2 ⋮
⋮ 2ξ3ω3 ⋮
⋮ ⋱ 0
0 … … 0 2ξN0ωN0
2
66664
3
77775 ð14Þ
where ξn (n=1,2,⋯N0) represents the modal damping ratio of the nth
mode of the bridge.
When Eq. (13) is solved, the dynamic stress S can be derived after-
wards from the following equation:
S ¼ ΦSq ð15Þ
where ΦS is the modal stress matrix of the bridge.
2.2.1. Moving load model
The first attempt to represent the action of the vehicle on the bridge is
the so-calledmoving loadmodel,where the train ismodeled as a series of
moving loads. The force vector Pb can be written as follows:
Pb tð Þ ¼ Pqsb tð Þ ¼
Xn
i¼1
yi tð ÞFGi ð16Þ
where the superscript qs in Pbqs(t) refers to the fact that only the
quasi-static loading of the bridge is accounted for.
The equations ofmotion are integrated according to the Newmark-β
method with values β=0.25 and γ=0.5 corresponding to the
trapezoidal rule [12].
2.2.2. Train–bridge interaction model
A vehicle model is considered when the interaction between the
moving vehicle and the bridge is significant. A distinction is made
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are coupled by the compatibility of displacements and the equilibrium of
forces at the contact points. A permanent contact is assumedbetween the
wheels and the rails. The dynamic response of the system is obtained by
solving the following coupled equations [7]:
Mv €V v þ Cv _Vv þ KvVv ¼ Pv€q þ D˙q þΩ
2q ¼ ΦTPb
n
ð17Þ
whereMv, Cv, andKv are themassmatrix, dampingmatrix, and stiffness
matrix of the vehicle, respectively; Vv, _Vv, and €V v are the displacement,
the velocity, and the acceleration of the vehicle, respectively.
Various vehicle models have been used to study the dynamic effect
of the train on the bridge [13–19]. Thesemodels differ in schematization
made in the identification of different masses and elastic elements, as
well as the degrees of freedom used to describe their motion. In the
present study, a vehicle model that includes both the vertical motion
of the car body and the two bogies is considered, where the car body
and the bogies are modeled as rigid bodies. A free body diagram of theFig. 1. Free body diagramvehicle model moving on a bridge is shown in Fig. 1. The displacement
vector Vv is defined as:
Vv ¼ V1;V2;V3f gT ð18Þ
where V1 and V3 are the vertical displacements of the front and back
bogie, respectively, while V2 is the vertical displacement of the car body.
The mass matrix of the vehicle is taking the form of:
Mv ¼ diag M1;M2;M1f g ð19Þ
The stiffness matrix of the vehicle system is expressed as:
Kv ¼
4KV þ 2KVV −2KVV 0 20ð Þ
−2KVV 4KVV −2KVV 21ð Þ
0 −2KVV 4KV þ 2KVV
2
4
3
5 ð20Þof vehicle model.
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Fig. 2. Typical cross sections of the Sesia viaduct: (a) cross section at the bridge bearing
and (b) cross section in the central part.
Fig. 3. Structural details of the steel box girder: (a) Detail 2 and (b) Detail 4b.
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coefficients in Eq. (20) by the corresponding damping coefficients.
The force vector Pvdy is expressed in terms of the displacements
and the velocities of the wheel sets:
Pdyv ¼
2KV VW1 þ VW2ð Þ þ 2CV _VW1 þ _VW2
 
0
2KV VW3 þ VW4ð Þ þ 2CV _VW3 þ _VW4
 
2
64
3
75 ð21Þ
where VWi and _VWi (i=1,2,3,4) represent the displacement and
the velocity of the ith wheel set, respectively.
The force Pb transferred to the bridge is decomposed into the
quasi-static load Pbqs and the dynamic load Pbdy:
Pb tð Þ ¼ Pqsb tð Þ þ Pdyb tð Þ
¼
X4
i¼1
yi tð ÞFGi þ
X4
i¼1
yi tð Þ −MWi €VWi þ 2KV Vj−VWi
 
þ 2CV _V j− _VWi
  
ð22Þ
where €VWi (i=1,2,3,4) represents the acceleration of the ith wheel
set, Vj (j=1|i=1,2, j=3|i=3,4) represents the displacement of the
bogie, and MWi and FGi (i=1,2,3,4) represent the mass and the axle
load of the ith wheel set, respectively.
The coupled equations of motion are solved with an iterative method
as elaborated in Ref. [7].
3. Application to the Sesia viaduct
The Sesia viaduct, which is a composite railway bridge with 7
spans of 46 m and a total length of 322 m, is considered. Fig. 2
shows the cross section of the bridge. In part I [20], a numerical
model of the bridge has been created using the general FE soft-
ware ABAQUS [21]. The steel box girder was modeled with shell
elements and the bracings by beam elements. The concrete deck,
the safety barrier and the ballast were modeled with solid elements.
Two beams were used to represent the rails and the sleepers were
modeled as mass points. The rail pads were simulated by springs
and dashpots between the beams and the mass points. The global
FE model contained about 84 000 shell elements, 6 400 solid ele-
ments and 1 800 beam elements, resulting in more than 85 500
nodes. The predicted first bending frequency of the bridge is 4.15 Hz.
A modal superposition is applied for the prediction of the dynamic
stress of the bridge, considering the first 175 modes of the bridge
with natural frequencies up to 30 Hz [1]. A damping ratio of 2.5% is
used for all the modes considered. A time step Δt=Tb/10 is used
for the dynamic analysis [22], where Tb=1/30 s is the lowest vibra-
tion period of the bridge.
Fatigue damages of several selected details are calculated through
the Rainflow stress cycle counting technique and the Palmgren–Miner
cumulative damage rule based on S–N curves proposed by several
design codes. In this study, the fatigue damages of the two critical lo-
cations which sustain the highest stress level for the transverse stiff-
ener attached to the main girder with fillet welds (Detail 2) and fillet
weld connection (Detail 4b) (Fig. 3) are predicted with the three differ-
ent approaches. The track irregularities are not considered in this study.
The train type used in this study is the Italian ETR500Y high speed
train. The main characteristics of the train are listed in Table 1.
The natural frequencies of the car body and the bogie can be estimated
from the following equations:
f vc ¼
1
2π
ffiffiffiffiffiffiffiffiffiffiffiffi
2
1
4KV
þ 12KVV
M2
s
ð23Þf vb ¼
1
2π
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4KV þ 2KVV
M1
s
ð24Þ
The values for KV and KVV of ETR500Y are used to estimate the
frequencies of the car body and the bogie as 0.49 Hz and 4.06 Hz,
respectively.
In order to investigate the conditions under which dynamic
train–bridge interaction needs to be taken into account for the fatigue
assessment of the bridge, a parametric study is performed. The following
Fig. 4. The dynamic amplification factor DAFS for the critical Detail 2 as a function of the
dimensionless speed parameter α for the moving load model, train–bridge interaction
model, AREA, Eurocode, and BS5400.
Table 1
The dynamic characteristics of the Italian ETR500Y high speed train.
Item Unit Locomotive Passenger car
Mass of the car body (M2) kg 55,976 34,231
Mass of the bogie (M1) kg 3896 2760
Mass of the wheel set (MW) kg 2059 1583
Vertical stiffness of the primary suspension
system (KV)
N/m 896,100 404,370
Vertical damping of the primary suspension
system (CV)
N·s/
m
7625 3750
Vertical stiffness of the secondary suspension
system (KVV)
N/m 236,030 90,277
Vertical damping of the secondary suspension
system (CVV)
N·s/
m
18,125 8,125
Carriage length (d) m 19.7 26.1
Fig. 5. The dynamic amplification factor DAFS for the critical Detail 4b as a function of the
dimensionless speed parameter α for the moving load model, train–bridge interaction
model, AREA, Eurocode, and BS5400.
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frequency parameter κ, and the mass parameter γ. Apart from these
parameters, the influence of themodal damping ratio of the bridge ζ is in-
vestigated as well.
The dimensionless speed parameter α is defined as:
α ¼ v
f bd
ð25Þ
where v is the train speed, d is the characteristic length of a car
(Fig. 1) and fb is the fundamental natural frequency of the bridge.
The critical speed caused by a long series of regularly spaced axles is
reached at α=1. For the Italian high speed train ETR500Y, the charac-
teristic length d=26.1 m, so that with a value of fb=4.15 Hz for the
fundamental natural frequency, the critical speed is reached at
389 km/h.
The dimensionless frequency parameter κ is:
κ ¼ f v
f b
ð26Þ
where fv and fb are the frequency of the vehicle and the first bending
frequency of the bridge, respectively. Due to the low value of the natural
frequency fvc of the car body, this part of the vehicle is dynamically
uncoupled from the bridge. Therefore the natural frequency fvb of the
bogie is considered for fv in Eq. (26). For the train and the bridge in
the current study fvb=4.06 Hz while fathrmb=4.15 Hz, so that the
value of κ is 0.978 in the reference case.
The dimensionless mass parameter γ is defined as:
γ ¼ Mv
Mb
ð27Þ
whereMv is the total mass of the train andMb is the total mass of the
bridge. With Mv=445544 kg and Mb=1492013 kg, the value of γ is
therefore 0.2986 in the reference case.
3.1. Influence of the speed parameter on the fatigue damage of the bridge
In this subsection, the influence of the train speed on the dynamic
stress of the selected two critical details will be investigated with the
speed parameter in the range from 0.2 to 1.5, corresponding to a
speed of 78 km/h to 580 km/h. Figs. 4 and 5 show the dynamic stress
amplification factor predicted by three models for the two selected
critical locations, as a function of the dimensionless speed parameter
α. The dynamic stress amplification factor DAFs is defined as:
DAFS ¼
Sdyn
Sstat
ð28Þ
where Sdyn is the maximum dynamic stress and Sstat the corresponding
maximum static stress due to a train passage.From Figs. 4 and 5, it can be observed that the DAFS predicted by
the dynamic analysis generally increases with the speed parameter
α. For low values of α, there is no significant difference between the
moving load model and the train–bridge interaction model. The
difference between the moving load model and the train–bridge inter-
action model gets larger when the speed parameter α approaches a
value of 1, which corresponds to the resonant speed. In general, the
moving load model produces the largest dynamic amplification, while
train–bridge interactionmodel generates a lower dynamic amplification.
This is due to the interaction effectwhich results in a reductionof the con-
tact force applied to the bridge.
A large disagreement on the DAFS is found for different codes. The
DAFS predicted by AREA is the largest and by the BS5400 the smallest
for a speed parameter α between 0.25 and 0.7. With the increase of
the speed parameter α, the DAFS given by the Eurocode increases.
For critical Detail 2, when the speed parameter α is lower than 0.5,
which approximately corresponds to a train speed of 200 km/h, the
maximum dynamic stresses approximated by the static load model
considering DAFS given by different codes have a range of safety
compared to the result of the dynamic analysis and the AREA is the
most conservative one, while for critical Detail 4b, which is located
close to the support of the bridge, only the DAFS given by AREA allows
for a safe prediction for the maximum stress for the complete speed
range lower than 200 km/h.
The fatigue damage caused by the passage of the high speed train
ETR500Y is predicted according to the classifications of critical details of
Eurocode 3 [23] as shown in Figs. 6 and 7.When the speed parameter α
is lower than 0.5, which approximately corresponds to a train speed of
200 km/h, an interesting phenomenon is observed, for the two selected
details, static analysis with the DAFs according to Eurocode 3 and
BS5400 slightly underestimate the fatigue damage compared to the dy-
namic analysis,which shows a different pattern from theDAFS shown in
Fig. 7. Fatigue damage of Detail 4b as a function of the dimensionless speed parameter
α for the moving load model, train–bridge interaction model, AREA, Eurocode, and
BS5400.
Fig. 9. Stress cycles of Detail 2 during a train passage predicted by the Eurocode and the
moving load model with a speed parameter α=1.
Fig. 10. The dynamic amplification factor DAFS for the critical Detail 2 at resonant
speed as a function of the dimensionless frequency parameter κ for the moving load
model (solid gray line), train–bridge interaction model (dashed gray line), AREA
(solid black line), Eurocode (dashed black line), and BS5400 (dotted black line).
Fig. 6. Fatigue damage of Detail 2 as a function of the dimensionless speed parameter α
for the moving load model, train–bridge interaction model, AREA, Eurocode, and
BS5400.
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investigate this phenomenon, the time histories of the stress predicted
by the moving load model and the static load model considering the
DAFS given by Eurocode at the resonant speed (α=1) are compared
as shown in Fig. 8. It can be observed that, although the maximum
dynamic stress Sdyn is smaller than maximum static stress Sstat
considering the DAFS given in Eurocode, the dynamic stress ranges
predicted by themoving loadmodel is larger than that of the static load
model considering DAFS (Figs. 8 and 9), hence resulting in a relatively
similar fatigue damage.Fig. 8. Time history of the stress of Detail 2 during a train passage predicted by the
Eurocode and the moving load model with a speed parameter α=1.3.2. Influence of the frequency parameter on the fatigue damage of the
bridge
The dynamic train–bridge interaction is affected by the natural
frequencies of the two subsystems. In the following, the stiffness of
the suspension system is modified to investigate the influence of the
frequency parameter κ in the range from 0.1 to 2.0.
Figs. 10 and 11 show the dynamic amplification factor for the
stress predicted by the three models for the two selected details, at
resonant speed as a function of the frequency parameter κ. When
the value of the parameter κ is close to 0, there is a small difference
between the moving load model and vehicle model. Due to the lowFig. 11. The dynamic amplification factor DAFS for the critical Detail 4b at resonant
speed as a function of the dimensionless frequency parameter κ for the moving load
model (solid gray line), train–bridge interaction model (dashed gray line), AREA
(solid black line), Eurocode (dashed black line), and BS5400 (dotted black line).
Fig. 12. Fatigue damage of the critical Detail 2 at resonant speed as a function of the
dimensionless frequency parameter κ for the moving load model (solid gray line),
train–bridge interaction model (dashed gray line), AREA (solid black line), Eurocode
(dashed black line), and BS5400 (dotted black line).
Fig. 14. The dynamic amplification factor DAFS for the critical Detail 2 at resonant
speed as a function of the dimensionless mass parameter γ for the moving load
model (solid gray line), train–bridge interaction model (dashed gray line), AREA
(solid black line), Eurocode (dashed black line), and BS5400 (dotted black line).
Fig. 15. The dynamic amplification factor DAFS for the critical Detail 4b at resonant
speed as a function of the dimensionless mass parameter γ for the moving load
model (solid gray line), train–bridge interaction model (dashedgray line), AREA
(solid black line), Eurocode (dashed black line), and BS5400 (dotted black line).
252 K. Liu et al. / Journal of Constructional Steel Research 82 (2013) 246–254stiffness of the suspension system, the bogie is dynamically uncoupled
from the bridge and the static load is the only component that affects
the response of the bridge. In this case, amoving loadmodel satisfactorily
represents the vehicle. In the case where the stiffness of the suspension
system is relatively high, corresponding to a high value for κ, the train
can be represented by a moving mass leading to lower values of DAFS.
The fatigue damage is predicted for a range of values of the
frequency parameter κ according to the classifications of critical
Details of Eurocode 3 as shown in Figs. 12 and 13. The same conclusion
can be drawn that with the increase of the frequency parameter κ, the
difference between the fatigue damage predicted by the moving load
model and the train–bridge interaction model is getting larger.
3.3. Influence of the mass parameter on the fatigue damage of the bridge
A modification of the vehicle mass changes both the quasi-static
force and the dynamic force and therefore affects the dynamic stress
of the bridge. In this subsection, the dynamic stress of the bridge to a
moving train is considered for different values of the mass parameter
γ between 0.1 and 0.5.
The parameter γ is modified by changing the mass of the vehicle,
the masses of the car body, bogie, and the wheel sets are changed
proportionally, while the stiffness of the suspension system is adjusted
correspondingly tomaintain a constant value of 0.978 for the frequency
ratio κ.
Figs. 14 and 15 show that, for the moving load model, the dynamic
stress amplification factor remains constant with a variable mass ratio
γ. While the DAFS predicted by the train–bridge interaction model,
almost decreases linearly with the increase of the mass ratio γ. For
low values of the mass parameter, there is a small difference betweenFig. 13. Fatigue damage of the critical Detail 4b at resonant speed as a function of the
dimensionless frequency parameter κ for the moving load model (solid gray line),
train–bridge interaction model (dashed gray line), AREA (solid black line), Eurocode
(dashed black line), and BS5400 (dotted black line).the train–bridge interaction model and the moving load model. It can
also be observed that the dynamic train–bridge interaction effect is
more pronounced for Detail 2 than Detail 4b.
Figs. 16 and 17 show the fatigue damage predicted for various of
mass parameter γ according to the classifications of critical details of
Eurocode 3. It is apparent that the fatigue damage increases drastically
with increasing mass ratio. Furthermore, the difference between the
fatigue damage predicted by the dynamic analysis and by the different
codes is getting larger when the mass ratio increases.Fig. 16. Fatigue damage of the critical Detail 2 at resonant speed as a function of the
dimensionlessmass parameterγ for themoving loadmodel (solid gray line), train–bridge
interaction model (dashed gray line), AREA (solid black line), Eurocode (dashed black
line), and BS5400 (dotted black line).
Fig. 17. Fatigue damage of the critical Detail 4b at resonant speed as a function of the
dimensionlessmass parameterγ for themoving loadmodel (solid gray line), train–bridge
interaction model (dashed gray line), AREA (solid black line), Eurocode (dashed black
line), and BS5400 (dotted black line).
Fig. 18. The dynamic amplification factor DAFS for the critical Detail 2 at resonant
speed as a function of the damping ratio ζ for the moving load model (solid gray
line), train–bridge interaction model (dashed gray line), AREA(solid black line),
Eurocode (dashed black line), and BS5400 (dotted black line).
Fig. 20. Fatigue damage of the critical Detail 2 at resonant speed as a function of the
damping ratio ζ for the moving load model (solid gray line), train–bridge interaction
model (dashed gray line), AREA (solid black line), Eurocode (dashed black line), and
BS5400 (dotted black line).
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In this subsection, the influence of the modal damping ratio of the
bridge is analyzed. The following values of the modal damping
ratio ζ are considered for all the modes of the bridge: ζ=1%, ζ=1.5%,
ζ=2%, ζ=2.5%, and ζ=3%.
The influence of the damping ratio on the dynamic stress of the
bridge is shown in Figs. 18 and 19. As expected, an increase in theFig. 19. The dynamic amplification factor DAFS for the critical Detail 4b at resonant
speed as a function of the damping ratio ζ for the moving load model (solid gray
line), train–bridge interaction model (dashed gray line), AREA (solid black line),
Eurocode (dashed black line), and BS5400 (dotted black line).modal damping ratio of the bridge results in a reduced magnitude
of the DAFS predicted by the dynamic analysis. Moreover, an increase
of the bridge damping ratio leads to a decrease of the effect of dynamic
train–bridge interaction.
Figs. 20 and 21 show the fatigue damage predicted for various of
damping ratio ζ according to Eurocode 3. With an increase of the
damping ratio, the fatigue damage predicted by the dynamic analysis
is getting closer to that predicted by the static load model considering
the DAFS.4. Conclusions
This study investigates under which conditions a dynamic analysis
should be considered for the fatigue assessment of a railway bridge.
Three load models are considered, a static load model, a moving load
model and a train–bridge interaction model. The influence of several
dynamic characteristics of the train and the bridge on the dynamic re-
sponse of the bridge is studied. The following conclusions can be drawn:
1. The fatigue damage is determined by the stress range rather than
the maximum stress. A safe dynamic amplification factor may not
guarantee a safe prediction for the fatigue damage of the bridge.
2. For the Sesia viaduct considered in the present study, the DAFS
recommended in Eurocode and BS5400 are not able to ensure an
adequate safety level for the fatigue assessment. This underestimation
may lead to failure of the structure over its designed life span.Fig. 21. Fatigue damage of the critical Detail 4b at resonant speed as a function of the
damping ratio ζ for the moving load model (solid gray line), train–bridge interaction
model (dashed gray line), AREA (solid black line), Eurocode (dashed black line), and
BS5400 (dotted black line).
254 K. Liu et al. / Journal of Constructional Steel Research 82 (2013) 246–2543. The moving load model generally gives a certain degree of conser-
vativeness for the fatigue damage compared to the train bridge
interaction model.
4. The dynamic amplification of the stress generally increases with the
speed parameter. It attains its maximum value at a critical train
speed, where the passage of a series of regularly spaced axles excites
the bridge at its resonance frequency. When the train speed ap-
proaches its critical value, dynamic train–bridge interaction results
in the largest reduction of dynamic stress of the bridge as compared
to the moving load model.
5. When the ratio of the natural frequency of the bogie to the one of
the bridge is much smaller than one, the stress of the bridge can be
estimated by a moving load model. For an increasing ratio, dynam-
ic train–bridge interaction becomes more important and reduces
the dynamic amplification at the critical speed.
6. Dynamic train–bridge interaction is more important for the situation
when the ratio of the mass of the vehicle to the one of the bridge is
relatively large. When the mass ratio is low, a moving load model is
sufficient for the dynamic analysis of the bridge. With an increasing
mass ratio, the effect of dynamic train–bridge interaction becomes
more important.
7. A larger value of the modal damping ratio results in a lower
dynamic amplification factor DAFS of the bridge, resulting in a similar
fatigue damage predicted by different models.
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